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FOREWORD

This document provides the Technical Report, Volume II, for the Propellant Tank

Pressurization System Technology Program performed under NASA Contract NAS8-

37666. The report was prepared by Manned Space Systems, Martin Marietta Corporation,

New Orleans, Louisiana, for the NASA/Marshall Space Flight Center (MSFC).

The study team which participated in this program included Martin Marietta Manned

Space Systems, Aerojet Propulsion Division, Atomic Energy of C.anada, and Honeywell, Inc.

The MSFC Contracting Officer Technical Representative is Dale Blount. The Martin

Marietta study manager is John Cool.
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1.0 INTRODUCTION

The Propellant Tank Pressurization System Technology Program (PTPSTP) is an

elcmcnt of the Booster Technology Program sponsored by the Civil Space Technology

Initiative within the office of Astronautics Exploration and Technology. The PTPSTP goal

is to demonstrate the acquisition of technology which demonstrates the viability of large

propellant tank pressurization systems to provide propellants at appropriate pressures and

flow rates for high thrust (750k lb) rocket engines.

1.1 BACKGROUND

The PTPSTP is an outgrowth of the Liquid Rocket Booster (LRB) for the Space

TransportationSystem (STS) Study (contractNAS-837136) conducted forMarshall Space

FlightCenter (MSFC) Program Development. The LRB study definedoptimum pump-fed

and pressure-fedboosterconfigurationsand identifiedtechnology requirements to support

boosterdevelopment. A key technology need identifiedforthepressure-fedLRB isa large

ullagevolume, low mass, high flow-ratepressurizationsystem. The LRB studycontractors,

Martin Mariettaand General Dynamics, selectedLO2/RP-I as thepreferredpropellantsfor

the pressure-fed booster. The Martin Marietta concept pressure-fed engines operate at a

combustion chamber pressure of 660 psia. The propellant tank pressure requirement is 1000

psia. The study recommended a pressurization system (Figure 1.1-1) which utilizes an LO2/

RP- 1 gas generator (GG) and heat exchanger (HX) as the primary energy source to heat the

stored helium pressurant.

I

I

I

Figure 1.1-1 Martin Marietta LO2/RP- 1

Pressurization System
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The General Dynamics (GD) booster engines operate at 300 psia combustion chamber

pressure and require 600 psia propellant tank pressures. The pressurization system (Figure

1.1-2) recommended by GD uses an O2/1-12 catalyst bed as the primary heat source. Both

pressurization systems store helium pressurant at cryogenic conditions and high-pressure,

_= LRB PREssURE- FED _'=__'

/___DUAL CASCADE PRESS. POTENTIALS

"It=CI4NOL(_Sf I_MONgfRAI'It_ IICI'FPJL¢I'_:

I) I_tiKi T=chno_gy. 2) Lllghtil_
W_ 3)Low_ 4)_ • R_iabte, • CatalystConversionEtF,dency
5)RedundancyviamutUplehealglmer_,o411 He/lure:OptimumAmountan=Di=eibuuon

vldving a,_ures abotlability; enhance-, • Redundancy Dim_onslrtUion
missionsu_cm(mission_ r_u_l) • COml_tationV_ilicauon

a

Figure 1.1-2 General Dynamics O2/H2 Pressurization System

expel1 the stored helium by adding heat to the storage vessel, and heat the expelled helium

with a primary heat source before introducing the pressurant into the booster propellant tanks.

Figure I. 1-3 is a simplified schematic of the system and illustrates key parameters of each

system.

MMC:
GD*:

Heat

MMC: LO2/RP°I GC_-I×

(5000 btu/sec)
GD°: GO2/GH2 Catalyst

(4000 btu/sec)

3000 psi, 40 *R, 900 ft3
4000 psi, 255'560 OR, 1900 ft3

Primary
Heat

Source

MMC: LO2/RP-1 GG/HX
(80,000 btu/sec)

GD*: GO?JGH2 Catalyst
(35,000 btu/sec)

MMC: 88 Ib/sec
GD': 50 Ib/sec

MMC: 1000 psi, 800 *R
GD': 600 psi, 800 *R

* Estimated Values

Figure 1.1-3 Simplified Schematic with Temperatures, Pressures, and Flow Rates
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The propellant tank pressurization requirements of 1000 psia and 600 psia for the two

selected systems in the LRB study impact the totalmass of pressurant stored prior to ignition

of the engines. Pressurization system packaging in the booster, i.e., volume and location,

dictate the number of pressurant storage vessels and their sizes. Storage at colder temperature

and/or higher pressures reduces the required volume of the storage vessels. These are some

of the considerations that resulted in different systems being chosen by the two LRB study

contractors.

The pressurization system data developed in the LRB study is considered a starting point

for the PTPSTP systems analyses tasks. Both pressurization system concepts recommended

in the LRB study were included as candidates in the PTPSTP system trades. The depth of

pressurization system analyses in the PTPSTP significantly exceeded that of the LRB studies

and resulted in the recommendation of an alternate system.

1.2 PTPSTP OBJECTIVES AND TASK PLANS

Pressure-fed liquid rocket boosters or hybrid rocket boosters (HRB) offer an attractive

alternative to pump-fed LRBs or solid rocket boosters (SRB) for large launch systems such

as the Space Shuttle. Pressure-fed propulsion systems can be less complicated and more

reliable than pump-fed systems. They have no complex turbomachinery and fewer critical

failure modes. They are also more robust than pump-fed systems and approach SRBs with

respect to recoverability. Pressure-fed propulsion systems have the potential for lower cost

ff key technologies can be developed. Because pressure-fed booster technology is less

mature than pump-fed or solid booster technology, effort is required to bring the technology

to a level where pressure-fed options earl be realistically considered for future booster

vehicles.

The goal of the Propellant Tank Pressurization System Technology Program is to bring

large scale pressurization system technology to a level of maturity demonstrating operational

capability and control. The PTPSTP complements the Pressure-Fed Thrust Chamber

Assembly Technology Program. These programs will demonstrate the acquisition of key

technologies for a pressure-fed LRB and partial technology for a pressure-fed hybrid booster.

The objectives of the PTPSTP were to explore, develop, and demonstrate tank pres-

surization technology for pressure-fed liquid and hybrid booster systems. In order to

accomplish this, the program was structured to research potential pressurization system

candidates, select the most suitable pressurization system concepts, identify technology

needs, and acquire the needed technology. The completed program would validate the

integrated pressurization system technology in simulated booster tests.

The PTPSTP was structured into four serial tasks to meet the above program objectives.

Figure 1.2-1 presents the PTPSTP task flow. Task I included all of the studies and analyses

leading to the selection of a flight pressurization system concept. Potential pressurization

system concepts were identified and screened to establish a list of suitable candidates that

would meet the system requirements. These candidates were evaluated further in system

1-3



trade studies to arrive at system concepts for

optimization and final system selection. The

final candidates were optimized to best satisfy

the system requirements (Appendix A), and

system trade studies were performed to select

the best flight system concept.

Task II included activities to identify and

plan the acquisition of enabling and enhancing

technologies needed for the development of the

selected flight pressurization system. These

technologies were identified, categorized as

enabling orenhaneing, andpdoritized. Adetailed

technology acquisition plan (Appendix B) was

prepared and is consistent with the category and

priority of the identified technologies.

Task III initiated the implementation of the

technology acquisition plan developed in Task

II. Implementation activities included analysis

of related technology, component performance

and the development of computer models. Tests

of critical components to demonstrate technol-

ogy acquisition were also included. Test results
would be used to validate and calibrate the

computer models.

Task IV activities included the development

or acquisition of system components to produce

Task 1
Perform concept selection

• Identify potentially suitable candidates
• Perform system trades
• Screen to final candidates

• Optimize final candidates
• Select recommended system

Task 2
Define Technology requirements for

selected system
and prepare detailed acquisition plan

.........

Task 3
Implement technology acquisition plan

• Analysis/model development
• Test of critical components/model

validation

Task 4

Integration of hot gas pressurization
components into large

scaledemonstration

• Validate component interaction
• Integrated system performance
• System controllability

Fignre 1.2-1 Approach to Meeting
PTPSTP Objectives

a large scale pressurization test article and the integration of the test article into the propulsion

test facility (FIT) at MSFC. Once installed in the FrF, testing of the total system would

validate the pressurization system component interactions. Component interactions within

the pressurization system and with the rest of the propulsion technology simulator would be

defined. The total integrated system performance would be demonstrated and pressurization

system controllability would be evaluated.

The propellant tank pressurization system options that were analyzed, compared, and

ultimately optimized into the selected flight pressurization system (Task I)were configured

to meet a set of basic vehicle system and design requirements. The basis for these were the

requirements set forth in National Space Transportation System (NSTS ) 07700 (Volumes I

and X) and derived requirements developed during the Liquid Rocket Booster (LRB) for the

Space Transportation System (STS) Systems Study.

The NsTS 07700 documents contain the basic Level I and Level II requirements for the

Space Shuttle and include mission, safety, and reliability requirements. The LRB derived

1-4



Table 1.2-1 Pressurization System Flight Arfi'cle
Requirements

• Satisfy STS Level I & II requirements per NSTS 07700
• Propellants: LO2/RP-1

• Tank pressure: 600 - 1350 psia
• Propellant flow rate: L02* 1665 - 7990 Ibm/sec

RP-1 1665 - 3330 Ibrn/sec

• Boost Time: -120 - 150 sec

• LRB Engine-out capability

• Throttleable over pressure and flow rate rate ranges

• High reliability
• Safety per man-rated standards

• Package in acceptable volume

• Acceptable weight
• Acceptable cost

• Acceptable technical risk

• Includes LRB and hybrid requirements

Table 1.2-2 LRB Study Flight Pressurization System Derived Requirements

Propellant Material LO2 Vol RP-1 Vol Ullage Vol Max Ullage TPS (SOFI)
Tanks (ft3) (ft3) (%) Temp (°R)

Weldalite TM 049 1"
AILi 12,012 6,326 5 800 (LO2 tank

only)

Propellants Density (Ibm/if3) Mass Flow Rate
(lbrrVsec)

LO2 71.1 8068.5

RP-1 50.5 3022.0

Volumetric Flow Rate
ft3/sec)

113.5

59.8

4 Engines *
(throttleable) **

Th. =SLI ,SPI ,SPIMixture

(Ib) _ Ratio750,000 2.67

-4-5% band widthon propellanttank pressuresetpoint

Bum 100 % 75 % Propellant
Duration Throttle Throttle Flow Rate

(sec) (sec) (sec) (IbrWsec)

120 30 30-120 11,090.5

"* Musthave capabilityto throttle3 enginesto 100 % for 30 to 120 secondsto complete missionwitha
singleenginefailure

requirements that govern the PTPSTP are items such as propellants (LO2/RP-1), LRB

engine-out capability, LRB engine throttleability, etc. Additional requirements for the

PTPSTP studies were called out in the PTPSTP statement of work (SOW). These included

such items as propellant tank pressures, LO2 and RP-1 maximum flow rates, and LRB boost

1-5



time.ThePTPSTPSOWstudyrequirementsfor flight systemanalysesarepresentedinTable
1.2-I. Pressure-fedLRB studyderivedrequirementsandassociateddataareshownin Table
1.2-2.

1.3 STUDY RESULTS SUMMARY

The PTPSTP contract team consisted of four major participants with responsibilities in

a specific area of expertise. Martin Marietta Manned Space Systems was the program lead

Table 1.3-1 Flight Pressurization System Selection Pro

Concepts Considered

LO2/LH2/He Heater

Catalyst

GG/HX

Preliminary Screen

Not Applicable

Passed

Passed

K_CSS

Detailed Screen Final Screen

Passed _ Selected

Passed Size,
Development

Risk

Passed Size, LCC,
Packaging

Reliability, LCC

Safety,
Supportability, LCC

Reliability, Weight,
rSupportability, LCC

Fuel Rich GG/Direct

Monopropellant
Catalyst/Direct Injection

Autogenous LO2
Quasi-Autogenous RP-1

Ambient Helium

Oxidizer Rich GG/Direct

Injection

Fuel & Oxygen Rich
GG/Direct Injection

Fuel & Oxygen Rich
Solid GG/Direct

Injection

GG Vaporization/Direct

Injection

Direct Tank Injection/
Combustion

Passed

Passed

Passed

Not Fail-safe, Residual
Hazards, Vehicle

Integration

Not Fail-safe, Residual
Hazards, LO2
Compatability

Not Fail-safe, Residual
Hazards. LO2 & RP-1

Compatability

Not Fail-safe, Residual
Hazards, LO2 & RP-1

Compatability, Not
Verifiable, No Shutdown

Not Fail-safe, Residual
Hazards, LO2 & RP-1

Compatability, Not
Verifiable

Not Fail-safe, Residual
Hazards, LO2 & RP-1

Comparability, Not
Verifiable

1-6
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and systems integrator. Aerojet Propulsion Division provided combustion device analyses

and preliminary design as well as propulsion system analysis support. Honeywell, Inc.

performed control system analyses and conceptual design. Atomic Energy of Canada

provided catalyst system analyses and conceptual design in support of system trades. The

__'_ 5000 psi

I 530oR
_ Liquid/Gas Interface

4000ps, - psiI

3000 psi He:st;r

Figure 1.3-1 Selected Pressurization System Simplified Schematic

support contractors' reports are provided as appendices and are referenced in the appropriate

sections of this technical report. The following paragraphs summarize the study results by

task.

TaskI - Task I consists of flight pressurization system concept screening and selection.

This task is complete. Table 1.3-1 summarizes the concepts considered and the results of

the three-level screening process. Criteria that eliminated various concepts are presented in

Section 2.0. The LO2/LH2 helium heater concept was selected. Figure 1.3-1 presents a

simplified schematic of the selected pressurization system. The LO2/LH2 helium heater

concept was introduced into the trade studies after the preliminary screening. The helium

heater is comparable in operation to the catalyst system.

The selected flight pressurization system is a stored pressurant gas system using LO2/

LH2 fueled helium heaters for both the primary and secondary heat sources. The helium

pressurant is stored as a supercritical fluid at 3000 psia and 37-40°R. This takes advantage

of the relatively high density of the helium at these conditions. Within the primary heat source

1-7



(LO2/LH2-fueled helium heater),the oxygenand hydrogenburn at nearstoichiometric
conditions(0/1::=,8)and mix with the cold helium pressurant to produce ullage pressurant gas
at 900-1000°R.

ORIGINAL PACE iS

OF POOR QUALITY

Figure 1.3-2 Selected

Pressurization System

Model

Figure 1.3-3 LO2/LH2

Primary Heater

The LO2/LH2 secondary heater is also a stoichiometric burner. The burner exhaust flows

directly into the helium storage dewar to provide the energy for positive helium expulsion .The

maximum percentage of unburned oxygen or hydrogen which could be introduced into the

helium flow due to a system failure is well below concentrations required for combustion in

either of the propellant tanks. Therefore the system is fail safe for this failure mode. Both

heaters are supplied by a pressure-fed LO2/LH2 system using ambient helium at 4000 psia

to pressurize the LO2 and LH2 tanks.

Most of the components of the selected system are small and fit easily into an LRB size

vehicle. Almost all system components can be housed in the forward skirt and nose cone

section of the vehicle (Figure 1.3-2).

1-8



Task II- The key technologies needed for the selected concept were identified, and a Task

M technology acquisition plan for the selected concept was prepared and submitted to NASA

MSFC. Table 1.3-2 summarizes the technology needs identified for the selected pressurization

system option.

Technology

Primary Heater Performance

Mixing Efficiency of Primary Helium Heater
Mixed Gas Properties Over Operating Range
System Stability Over Operating Range
Ignition and Startup Characteristics

Water/Ice Management

Cryogenic Dewar
Propellant Tanks

Analysis
Component

Testing

Large
Subscale
Testing

X

X

X

X

X

Pressurant Dewar Expulsion x x

Secondary Heater Performance

Ignition and Startup Characteristics x

Table 1.3-2 Selected Pressurization System Technology Needs

Tasks M and IV - Modification 3 to contract NAS8-37666 reduced the scope of the

PTPSTP by discontinuing Task M and IV efforts and requested documentation of the

accomplishments of the program in a f'mal report. The primary effort completed in Task III

and IV has been the development of a preliminary conceptual design of the LO2/LH2 primary

heater.

Figure 1.3-3 illustrates the LO2/LH2 primary heater conceptual design. The heater

operates at near stoichiometric conditions with hydrogen and oxygen as propellants.

Cryogenic helium is introduced into the heater, and the combustion energy is transferred to

the helium by mixing the helium through the device. The discharge temperature of the helium

is approximately 900°R. The heater configuration and operating characteristics are docu-

mented in Appendix D (Aerojet final report), "Propellant Tank Pressurization System

Technology Program".
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2.0 SYSTEM TRADE STUDY AND SELECTION

METHODOLOGY

The flight propellant tank pressurization system candidate trades and optimization

analyses were performed using standard Martin Marietta study methodologyk The PTPSTP

trade study and system optimization process flow is shown in Figure 2.0-1. This process

Phase A LRB
Results

I
SOW Re<its

INPUTS

NSTS 07700 J Derived Reqts

m

Reqts I
I J

TRADE STUDY PROCESS

___ Establish

State the Study
Purpose Criteria

To define a • Musts

pressurization • Wants
system concept • Rationale
that meets reqts • Weighting
for pressure-fed Factors
liquid and hybrid
propulsion systems

NASA
Concurrence

Generate
Candidate

Concepts

Stored Gas

Autogenous
Quasi-autoganous
F/O Rich GG Exhaust
Solid GG Exhaust

Direct Tank Injection
Mono/Biprop Catalyst

• Internal Tank
Generated Pressure

Screen

Concepts
Against

Must Criteria

Concepts that
Fail Must Criteria
Will Not Be Carried
Forward for Further

Analysis

Define Concepts System _ Final I-.--

Remaining Against optim_ation] I Cho= l _->Concepts Want Criteria

• Weights • Weighted
• Costs Scores /• Technology

Needs

• Complexity
• Reliability
• Safety/hazards
• Packaging NASA
• Control & Stability Concurrence

• Mgmt
Review

• Bast
Balanced
Choice

NASA
Concurrence

Document
Recommended

Concept &
Ranking

Rationale &

Analyses

Figure 2.0-1 PTPSTP Trade Study Process

covers the basic steps of establishing the trade study purpose, ground rules, and selection

criteria; development of candidate pressurization system concepts; "must" criteria screen;

"want" criteria trade; system(s) optimization; and system selection. Table 2.0-1 presents
evaluation criteria ground rules. "Must" criteria are used for coarse screening of the
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Table 2.0-1 Trade Study Criteria Ground Rules

• Criteria are classified into two categories - "musts" and "wants"

• "Must" criteria are mandatory to fulfill the purpose of the trade

• "Must" criteria serve as a screen to eliminate alternatives

• "Must" criteria should be measurable & quantifiable and represent a go/no go gate

• Alternatives that fail "musts" will not be carried forward for further review

• Criteria that are desirable but not mandatory are considered "wants"

• "Want" criteria provide a selection profile for remaining alternatives and help
distinguish between abilities of alternatives

• "Want" criteria are the only ones weighted and used for scoring

• Alternatives are scored against each "want" criterion using a numbering system from
0-10, with the alternative that best satisfies the criteria receiving a 10, others being
scored relative to the alternative that scored a 10

• Total weighted scores are used to represent a clear comparison of the performance
of the alternatives

Table 2.1-1 "Must" Criteria

Must Criteria Rationale for Selection

• NSTS 07700 Requirement• System shall not be less than
fail-safe (except for primary structure,
TPS, and pressure vessels) during all
mission phases

• Structural/functional integrity shall be
verifiable by test

• System shall be capable of pressurizing
LO2 and RP-1 propellants

• System shall be capable of delivering
pressurant between 600 and 1350 psia

• System shall have capability for engine
shut-down upon command

• System shall be capable of integration
into large pressure-fed liquid and
hybrid propulsion systems

• System shall be designed to have no
residual hazards (except primary
structure, TPS, & pressure vessels)

• Implied by NSTS 07700 Requirement

• PTPSTP SOW Requirement

• PTPSTP SOW Requirement

• LRB Phase A Requirement

• PTPSTP SOW Requirement

• Implied by NSTS 07700 Reqts to
Establish Greater System Safety
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candidate systems while "want" criteria are used for more detailed evaluation of candidates

that have passed the coarse screen.

2.1 COARSE SCREENING OF CANDIDATES

All pressurization system candidates were initially screened for acceptability by compar-

ing them to a set of criteria that a pressurization system must meet. The seven"must" criteria

selected for use in the PTPSTP studies are presented in Table 2.1-1. The rationale source that

supports each criterion is also shown. Only those candidates that passed this "must" criteria

coarse screen were carried on for further trade study evaluation.

2.2 FINE SCREENING OF CANDIDATES

Candidate pressurization systems which passed the coarse screen were analyzed to

develop data for scoring against the"want" criteria (Table 2.2-1). The relative importance of

each criterion is indicated by the weighting factor assigned. Rationale for each criterion/

Table 2.2-1 "Want" Criteria

Weighting
"Want" Criteria Factor (%) Rationale for Selection/Weighting Factor

• Safety

• Reliability

• System Packaging

• Weight

• Supportability

• System Performance

• Operational Complexity

• Technology Needs

• Development Risk

• Development Cost

10-

5 >

5_

5

Safety and reliability identified in SOW as criteria for
selecting both future launch vehicles as _vell as
pressurization system - rated most important criteria

Packaging, weight, and supportability identified as
criteria for ranking capability to integrate pressurization
system into a launch vehicle - not as important as safety
and reliability,supportability less important than others

Complexity identified as criterion in SOW; performance
along with complexityprovides criteria for ranking system
ability to perform its function - together rated less important
than safety or reliability

Technology needs identified in SOW as ranking criterion for
developing a viable flightsystem - rated least important

Development risk and cost identified in SOW as criteria for
ranking Costand risk of developing flight hardware
together rated as equal with safety or reliability

Total 100 Total criteria weight percentages

weighting factor is also presented. Table 2.2-2 defines each "want" criterion and provides

the basis of scoring candidates against each. After candidate systems were evaluated and

scored against the "want" criteria, the weighted scores were calculated and a total weighted
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Table 2.2-2 "Want" Criteria Dictionary

Criteria Definition Scoring Basis

Safety Relative safetyof system Hazan:lanalysis, identificationof hazards,
andtheir effectsand controlmethods

Reliability Relative reliabilityof system FMEAs, identificationof failuremodes,
andcriticalitems

SystemPackaging Abilityof systemto be Conceptsize andease of integrationinto
packaged intoa launchvehicle the booster,numberand type of interfaces,

and complexityof loadpaths
willbe considered

Weight Overallweightof Total systemweight includinginert,gross
pressurizationsystem liftoff,commodities expended, and residuals

at enginecutoff

Supportability Logisticsand maintainability Relativecomparison of supportabilityactivities,
of system including launchsite activities,includes

numberof system/componentcheckouts,
servicingrequirements,and numberof LRUs

SystemPerformance Pressurizationsystem
functionalintegrity

OperationalComplexity

TechnologyNeeds

DevelopmentRisk

DevelopmentCost

Overall system complexity

Requiredtechnologyadvances

Riskrequiredto achieve
requiredsystem

Margin of systemto regulate withinrequired
operatingpressure;to provide control stability
by limitingsupplyline and ullagepressure
oscillationfrequency andbandwidth,andto
exhibitpressureoscillationdamping
characteristics;and to adjustto varyingflow
rate demandsshallalso consider control
systemcomplexity and requirementsinflight
phasing/sequencingoperations

Total numberof complex components
and prelaunchphasing/sequencing
operations

Technologyneeds identified,and cost
leverage and schedules to demonstrate
technologyacquisition

Subjectiveassessment of abilityto develop
the systemand the abilityto produceand
manufacture the hardware

CoStof achievingrequired Projectedcostto developand produce
systemdevelopment flighthardware

score was recorded for each candidate pressurization system. Candidates having the highest

weighted scores were then carried forward to the system optimization phase of the study, _d

a final detailed trade was performed to down-select for the optimum system.

2.3 SYSTEM OPTIMIZATION AND FINAL SELECTION

During the system optimization phase of the study, the highest ranked candidates were

analyzed to develop additional data for detailed comparison. The two candidates having the

2-4

VI[-



highest weighted scores after optimization were then compared in a risk assessment to arrive

at the selected flight pressurization system. The risk assessment covered the areas of

technical risk, development risk, and cost/schedule risk.

Engineering Practices, Section SY-1, Systems Engineering Manual, Section 4.5, June 1987
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3.0 CANDIDATE SYSTEM TRADES

3.1 CANDIDATE PRESSURIZATION SYSTEMS

After a review of all potential pressurization system concepts that could potentially

satisfy the requirements of the PTPSTP, twelve pressurization system candidates were

chosen for further study. Seven candidates were stored pressurant gas systems. There were

two systems that introduced combustion products into the propellant tanks as pressurants;

one autogenous/quasi-autogenous system; and two systems where controlled combustion

inside the propellant tanks supplied pressurant gas. These candidate systems are listed in

Figure 3.1-1. Six stored gas systems loaded the primary helium pressurant as a supercritical

fluid (T = 40°R). One stored gas candidate used ambient helium. The stored gas-steam

candidate had two options, and the stored gas,catalyst candidate had three options. As

discussed in section 1.1, the optimum pressurization system concept is dependent on

pressurization requirements. Pressuriza-

tion system volume and weight may not

be a driver for small propulsion systems,

and therefore could be relatively simple

compared to large propulsion system re-

quirements. Therefore propellant tank

volume and pressure requirements play a

significant role in the selection of pres-

surization system subsystems, i.e.,

pressurant storage and pressurant heat-

ing. A brief description of each candidate

system is presented in the following

paragraphs.

System 1 - Stored Gas-Ambient

(Figure 3.1-2) - This system has been

used on many small vehicles and has

been shown to be the most reliable, saf-

est, and simplest. Scaling from small,

low-pressure systems to the PTPSTP re-

quirements forced this system to become

very heavy. Isentropic decay of the stor-

age bottle temperature requires very high

initial pressure(25,000 psia) in order to

satisfy the pressure requirement at the

Figure 3.1-1

1 Ambient

2 Steam (2 options)
3 GG/HX

4 Catalyst (3 options)
5 Fuel rich GG

60xid rich GG

7 Monopropellant catalyst

8 Fuel & oxid rich liquid GG
9 Fuel & oxid rich solid GG

10 Autogenous LO2 &
Quasi-autogenous RP-1

11 GG vaporization cycle

12 Direct tank injection

Pressurization System Candidates

end of the mission. This is why other candidate systems add heat to the pressurant storage

vessels. A largetank isrequiredinorder to satisfythe pressurantmass requirement. The

helium storagevesselweight isover 135,000 Ibusingthehighestspecificstrengthwcldable

metalsavailabletoday.Composite materialswithimpermeable lincrsncccssarytoreducethc

weight of the system arcconsideredfar-termtechnology forvery high-pressuretanks.This

system was not highlyratedin the tradestudy.
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Figure 3.1-2 System 1: Sto_ Gas - Ambient

System 2 - Stored Gas-C.,G/S team (Figure 3.1-3) - This system consists of a cryogenic

helium storage tank at moderate pressure (3000 psia). An LO2/RP- 1 gas generator (GG) is

the primary energy source used to heat the helium and saturated liquid steam is used to

o

I-_ Liquid / Gas
Interface

Fuel Oxidizer

Figure 3.1-3 System 2: Stored Gas - Steam
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introduceheat into the helium storage tank. The technologies necessary to bring this system

to maturity are a large gas generator/heat exchanger and an understanding of the mechanics

of introducing steam into a cryogenic vessel. The system is considered very reliable (i.e. few

failure modes and a low likelihood of occurrence) with some reservations about the impact

of the ice formed in the helium tank. Ideally, the steam (saturated liquid @ 3100 psia,

1160°R) will flow into the helium tank and freeze, adhering to the tank walls. This will retain

the heat from the steam in the tank and minimize the impact of ice in the system. As liquid

is withdrawn from the steam tank, the surface will boil at its saturation pressure to sustain tank

pressure. An orifice in the line controls the maximum flow rate of the steam and a set of check

valves in the line prevent flow of cold helium into the steam line. If the system can be designed

so that a small flow of steam is always entering the helium tank, then no opportunity for

freezing the line shut will occur. The size and weight of the LO2/RP- 1 gas generator/heat

exchanger is an issue of sealing because all of the technologies involved are mature. The risk

in pursuing the steam/helium technology is moderate.

System 2A - Stored Gas-Steam (Figure 3.1-4) - This system is not technically feasible

without a very large steam supply for the mixing chamber. An evaluation of a report from

the steam section of National Bureau of Standards (N'BS) describing excess enthalpy when

mixing steam and helium led to the assumption that the excess enthalpy manifested as a

thermal effect. It turned out that the excess enthalpy is actually a density effect in which the

steam and helium behave non-ideally when mixed and effectively occupy the same volume

that the steam occupies before mixing. Once the mixing phenomena were better understood,

the system was not considered a viable alternative.

Mixing I"Chamber

Liquid / Gas
Interface

Oxidizer

Figure 3.1-4 System 2A: Stored Gas - Steam

y_Iem 3 - S toted Gas-GG/HX (Figure 3.1-5) - This system consists of an LO2/RP- 1 gas

generator and two heat exchangers to provide the primary and secondary heat sources. The

technology has been demonstrated on many successful programs in the past. The issues that
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neededto be resolvedto meettheprogramrequirements with this system were packaging

within the vehicle, safe exhaust of the gas generator, hot gas, and coking of the heat exchanger

which reduces efficiency as run time accumulates. Earlier work performed under contract

___._ Liquid / GasInterface

Fuel Oxidizer

Figure 3.1-5 System 3: Stored Gas - GG/HX

to NASA by Aerojet determined that LO2/RP-1 gas generators produce minimum carbon

deposition (not necessarily carbon formation) at a mixture ratio of 0.3. The system was,

therefore, sized to operate at this inefficient mixture ratio in order to minimize coking and

maintain system components at acceptable temperatures.

The secondary heat source is a heat exchanger located inside the helium tank. The

difficulty in packaging the system in the vehicle comes from the need to exhaust hot gas at

the rear of the booster, and heat the helium dewar in the nose of the vehicle. This required

12 in. diameter ducts to carry hot gas up and down the vehicle. Efficiency and operability

of the system would suffer due to the difficult packaging.

System 4 - Stored Gas:Catalyst (Figure 3.1-6) -This system is driven by catalytic

combustion of a mixture of helium, hydrogen and oxygen stored in concentrations below the

flammable and detonable limit. Catalyst beds are required to promote combustion. The

propellants bum only when flowing through the catalyst. This makes the performance of the

catalyst the critical element in the operation of the system. Literature includes many

references to catalyst research, but none within the cold, low concentration, nonflammable

mixture domain necessary for the function of this particular catalyst application. The

effectiveness of the catalyst at low operating temperature is not known. Analytical models

were used to predict the performance of the catalyst in the system evaluation.
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Catalyst

_.. Liquid / Gas
Interface

Catalyst

Fuel Oxidizer

Figure 3.1-6 System 4: Stored Gas - Catalyst

The system uses 104
two ambient tempera-

ture, high-pressure 02/
H2/Hc mixture bottles, 103

two catalyst beds, and a

single cryogenic 02/
H2/He tank. The tem- 102

pcrature of the cold he- Temp

lium tank is limited by (=R)
101

the fusion or freezing

line of oxygen (Figure

3.1-7 ). The oxygen 100

temperature cannot be
allowed to fail below

the fusion line because 99

the oxygen will pre-

cipitate out of the mix-

ture. This limits the

Flui_

Y
0 1000 2000 3000 4000 5000

Pressure (psia)

Figure 3.1-7 Oxygen Fusion Line

lower temperature of the cold tank to approximately 100°R. A significant decrease in the

density of helium occurs between 40°R, 3000 psia and 100°R, 3000 psia. This temperature

difference would result in a pressurant storage vessel diameter and mass increase from 13.0

to 15.25 ft and 14,000 Ib to 22,000 lb.

System 4A - Stored Gas-Catalyst Alternate 1 (Figure 3.1-8) - This system reduces the

impacts which resulted in a low score for Candidate 4 in the trade. The oxygen and hydrogen

have been removed from the cold helium tank as shown in Figure 3.1-8. The option to retain

3-5



Catal,st
L

}---- Liquid / Gas
Interface

I

Oxidizer

Figure 3.1-8 System 4A: Stored Gas - Catalyst Alternate 1

Figure 3.1-9 System 4B: Stored Gas - Catalyst Alternate 2
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hydrogen in the cold tank is a viable consideration. This system allows the high density, low

temperature storage of the helium, but introduced a new problem, that of catalyst effectiveness

at extremely low temperature. Analytical models predicted very low O2/1-I2 reactivity at inlet

temperatures to the catalyst bed over the range of 40-300°R. The system was determined not

to be feasible unless the temperature of the catalyst bed was increased to over 300°R.

System 4B - Stored Gas-Catalyst Alternate 2 (Figure 3.1-9) - This system evolved from

systems 4 and 4A in an attempt to address the problems posed by the low operating

temperatures of the catalyst systems. The system consists of primary and secondary catalyst

beds. The catalyst beds arc fed from oxygen and hydrogen tanks. The small helium bottle

supplies a diluent to the secondary catalyst to prevent it from overheating. Two small

catalysts located in the pressurant lines just before the pressurant is introduced into the tanks

are called"finishing" catalysts. They arc supplied with excess hydrogen at the RP- 1 tank and

oxygen at the LO2 tank to ensure that no undesired, urtreacted species reaches the propellant

tanks. Analysis of the maximum concentration of hydrogen in the LO2 ullage or oxygen in

the RP-1 ullage subsequently proved that the finishing catalysts were not needed. This

system requires more components than other catalyst options but scored well. The heat

exchanger required to raise the supercritical helium to temperatures the catalyst can tolerate

was scored as a penalty to the system.

System 5 - Stored Gas-Fuel Rich GG (Figure 3.1-10) - This system is similar to system

3 except that the exhaust from the fuel rich gas generator is captured as pressurant for the fuel

tank. In order to have the gas generator exhaust to a high-pressure tank ullage, the supply

Fuel

I_ Liquid / Gas ch
Interface

l

( T ) GG Turbine Wheel Drive Turbopump

Oxidizer

Figure 3.1-10 System 5: Stored Gas-Fuel Rich GG
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propellantsfor thegasgeneratormustbepumpedtoseveral hundred psia higher than the tank.

The turbopump shown in the schematic is driven by the gas generator discharge. The fuel

tank is supplemented with helium from the supereritical tank that supplies pressurant to the

oxidizer tank. The inclusion of turbomachinery in the system causes significant reduction

in system reliability. This system also results in a high ullage pressurant mass in the fuel tank.

System 6- Stored Gas-Oxidizer Rich GG (Figure 3.1-11)- Systems 5 and 6 are similar

except that an oxidizer rich gas generator is used as the primary heat source and supplemented

with helium to pressurize the LO2 tank. Helium is used as the pressurant for the fuel tank.

There are no advantages over system 5 because of the high molecular weight of the gas

generator exhaust.

J

Fuel

Interface ch

Q GG Turbine Wheel Drive Turbopump

Oxidizer

Figure 3.1-11 System 6: Stored Gas - Oxidizer Rich GO

Systerll 7 - Stored Gas Mono Propellant Catalyst (Figure 3.1-12) - This system consists

of a hydrazine decomposition catalyst bed primary heat source with a heat exchanger to heat

the helium. A heat exchanger in the helium tank is driven on the hot side by the decomposed

hydrazine to serve as the secondary heat source. The hydrazine decomposition products are

compatible with the RP-1 tank. Helium is required for the oxygen tank. The safety and

environmental issues associated with large quantities of hydrazine caused this system to

score poorly in the evaluation.

System 8 - Stored Gas - GG Exhaust into Tank (Figure 3.1-13) -This system is a com-

bination of systems 5 and 6. It was included to try to determine if the supercritical helium
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Catalyst Fuel

I"-- Liquid / Gas
interface

Oxidizer

Figure 3.1-12 System 7: Stored Gas - MonopropeUant Catalyst

( x__._

Fuel

_GG TurbineWh_l Drive Turbopump

Oxidizer

Figure 3.1-13 System 8: Stored Gas - GG Exhaust into Tanks
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vessel could be eliminated through the use of gas generators. The resulting highly coupled

system still required supplemental helium pressurant to satisfy the range of operation. The

turbopump complexity and high weight caused this system to score poorly.

System 9 - Fuel/Oxidizer Rich Solid GG (Figure 3.1-14) - This system consists of two

solid gas generators, the exhaust of each compatible with the respective propellant tanks. The

system requires the use of particle separators to prevent unburned particles from entering the

propellant tanks. The solid propellant evaluation team was unable to determine how to

achieve a grain formulation which could meet the temperature and flow rate requirements.

The system was therefore classified as not technically achievable.

Sepa,ato,
\ /

[---- Liquid / Gas
Interface

Fuel

Oxidizer

Figure 3.1-14 System 9: Fuel/Oxidizer Rich Solid GG

System 10 - Autogenous LO2/Ouasi,Autogenous RP-1 (Figure 3.1-15) - This system

use s vaporized oxygen to pressurize the oxidizer tank. The RP- 1 propellant does not vaporize

without violent decomposition and is therefore unsuitable for this application. Hydrogen is

compatible with RP- 1 as a pressurant so it was used. A source of vaporized propellant other

than from the tank that it pressurizes does not qualify as a true autogenous system, hence the

"'quasi-autogenous" hbcl. The oxygen tank is handled in a straight autogenous manner. The

turbomachinery and the very heavy GO2 ullage (in excess of 98,000 lb) caused this system

to score poorly.

System 11 -GG VaporizationCycle (Figure 3.1-16) -This system uses small com-

bustion chambers with nozzles to vaporize pressurant offthe surface of the propellants. The

system is considered very difficult to develop and safety considerations prevented further

consideration.
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Fuel

Turbopump I--'-

Oxidizer

I
I

Liquid / Gas
Interface

Figure 3.1-15 System 10: Autogenous LO2 - Quasi-autogenous RP- 1

NH31----

Fuel

_- Liquid / Gas
Interface

Oxidizer

Figure 3.1-16 System 11: GG Vaporization Cycle
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System 12-Direct Tank Injection (Figure 3.1-17) - Direct tank injection (DTI) has been

used for propellant tank pressurization on test stands. Hypergolic propellant combinations

must be used in order to ensure combustion. The difficulty in employing DTI on an RP- 1 tank

is that no oxidizer is available which is "aggressive" enough to form a hypergolic combina-

tion with RP- 1. The use of ammonia floating as a"blanket" on top ofRP- 1 makes DTI with

NH3 or other
supplemental fuel
with desirable
combustion and
pressurant
properties

_.- Liquid / Gas
Interface

_ Hypergolicw / NH3

Jet Into NH3

Fuel

E

_,1_Hypergolicw / LO2

Jet Into Oxid

I I/IXX

I " III XX

Oxidizer

Figure 3.1-17 System 12: Direct Tank Injection

RP- 1 possible. Ammonia and RP- 1 are not soluble. Ammonia has a lower density than RP-

1, and its liquid temperature at atmospheric saturated pressure is several degrees above the

freezing point of RP-1. These physical properties can be exploited to allow a hypergolic

combination on the surface of the RP-1 tank for pressurization. Safety considerations

resulted in the elimination of this system.

3.2 "MUST" CRITERIA SCREENING

Each candidate pressurization system was evaluated against seven "must" criteria as

discussed in Section 2.1. Each criterion was evaluated on a go/no go basis. The results of

the "must" criteria coarse screen are presented in Table 3.2-1. As shown, six systems passed

the "must" criteria screen. Five of these were stored gas systems using stored supercritical
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Table3.2-1 "Must" Criteria Screening

"Must" Criteria

Fail

Candidate System Safe

Stored Gas - Ambient No Go

Stored Gas - SWam System Go

Stored Gas GG/HX Go

Stored Gas Catalyst Go

Stored Gas - Fuel Rich GG Go

Stored Gas - Oxld Rich GG No GO

Stored Gas Go

Monopropellant Catalyst

Fuel & Oxld Rich Uquld GG No GO
Exhaust into Tanks

Fuel & Oxld Rich Solid GG No GO
Exhaust into Tanks

Autogenous LO2 & Go
Quasl-autogenous RP-1

GG Vapodzatlon Cycle No Go

Direct Tank Injection No Go

Verifiable

By Test
LO2 & RP-1

Compatible

600-1350

ps_
Engine

Shut-Down
Booster

Integration

Residual
Hazards

Go Go Go Go No Go No Go

Go Go Go Go Go Go

Go Go Go Go Go Go

GO GO Go Go Go Go

Go Go Go Go Go Go

No Go No Go Go Go Go No Go

GO Go Go Go Go Go

No Go NoGo Go Go Go No Go

No Go NoGo Go No Go Go No Go

Go Go GO Go Go Go

No Go No Go Go Go Go No Go

No Go No Go Go Go Go No Go

(T-40°R) helium as the pmssurant. Each of these options used various methods to provide

primary and secondary he,at to the helium pmssurant. The autogenous LO2/quasi-autog-

enous RP-1 system also passed the coarse screen. Table 3.2-2 presents the rationale for

deletion for the six systems which failed the coarse screen. Details of the coarse screen

evaluation are presented in Appendix E of this report.

3-13



Table 3.2-2 Rationale for Deletion

Candidate Failed Cdteria Pro

Fail-Safe

Residual Hazard

Vehicle

Integration

1 Stored Gas
Ambient

Helium

6 Oxidizer Rich GG

8 Oxidizer Rich &

Fuel Rich GGs

9 Fuel & Oxidizer
Rich Solid GGs

11 Gas Generator

Vaporization

Cycle

12 Direct Tank

Injection Gas
Generator

Fail-Safe

Residual Hazard

LO2 Compatibility

Fail-Safe
Residual Hazard

No Capability for Cut-off

LO2 Compatibility
Not Verifiable by Test

Fail-Safe

Residual Hazard

LO2 Compatibility

Not Verifiable by Test

Fail-Safe

Residual Hazard

LO2 Compatibility

Not Verifiable by Test

Least Complex
Sysfem

Lightweight
Hardware

Simple System

Good Packaging

Light/Compact
Hardware

Ught/Compact
Hardware

Con

High Pressure Hazard
- Leaks

- Component Design Maturity

- Heavy (135,000 Ib Tank
Weight)

- Ingestion of Hydrocarbon Rich
Combustion Products into 02

Tank & Pressurization System
Violates MSFC-Spec-164A
& JSC-SE-S-0073

- Turbopump Required
- 92,300 Ib O2 Tank Residuals

- Ingestion of Hydrocarbon or

Oxygen Rich Combustion
Products into Tanks &

Pressurization System
Violates MSFC-Spec-164A
& JSC-SE-S-0073

-145,000 Ib of Solid

Propellant par Booster

- Complex Temp Control
Dilution System Required

- Direct Ingestion of Fuel or
Oxygen Rich Combustion

Products into Propellant
Tanks Violates

MSFC-SPac-164A &
JSC-SE°S-0073

- Injector/Nozzle
Contamination can not be

Verified by Test (Potential
Flame Impingement on
Tank Wall)

- High Residual Weight of
Pressurant >80,000 Ib

- Many Technology Issues

3.3 "WANT" CRITERIA SCREENING

The six basic systems that survived the "must" screening were expanded to nine

candidates (system options) for the "want" criteria trades. Table 3.3-1 lists these nine trade
candidates and summarizes their differences.
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Each of the nine candi-

dates was analyzed to de-

velop data used to score the

ten different "want" crite-

rion categories. Criteria

scores and total weighted

scores were calculated for

each candidate. A scoring
matrix for the nine candi-

dates is shown in Table 3.3-

2. System 2A, which is a

stored gas system using

steam as a helium bottle

expulsion source and as a

main pressurant heat source,

Table 3.3-1 Pressurization System Fine Screen Candidates

System
Number

2
2A
3
4

4A
4B
5

7

10

Stored
Pressurant

Supercritical Helium
Supemriticai Helium
Supercritical Helium
Supercritical Helium

w/GH2 and GO2
Supercritical Helium
Supercritical Helium
Supercritical Helium and

Fuel Rich GG Exhaust
Supercritical Helium and

N2H4 Decomposition
LH2 and LO2

Primary
Heat

Source

GG/HX
Steam
GG/HX
Catalyst

Catalyst
Catalyst
GG/HX

Catalyst/HX

GG/HX

Secondary
Heat

Sou rce

Steam
Steam
GG/HX

Catalyst

Catalyst
Catalyst/HX
GG/HX

CatalysVHX

N/A

Nc Scodng Criteda

11 Safety

2 Reliability

Table 3.3-2 System Trade Studies Scoring Matrix

Cand 4A Cand 41= Cand 5 Cand 7 iCand 1(;

Cand 2 Cand 2A Canal 3 Cand 4 Stored Stored Stored Stored Auto
Stored Stored Stored Stored Gas Gas Gas Gas LO2

Gas Gas Gas Gas CataJyetlCatalyst Fuel Monop Q.auto

WL Steam Steam GG/HX Catalyst AIt. Air. RichGG i Catalyst RP-1

Wt. wt. Wt. Wt. Wt. Wt. Wt. Wt. wt.
Sc Sc Sc Sc So So Sc So Sc Sc Sc Sc Sc Sc Sc Sc !Sc Sc

20 8 160 8 160 9180 5 100 5 100 5 100 7 140 4 80 7 140

20 7140 10 200 8160 6 120 5 100 4 80 2 40 6 120 1 20

3 System Packaging 10 9 90 10 100 9 90 3 30 6 60 7 70 8 80 6 60 6 60

4 Weight 5 6 30 10 50 6 30 4 20 7 35 8 40 7 35 5 25 3 15

5 Supportability 5 8 40 6 .30 10 50 1 5 1 5 1 5 5 25 3 15 2 10

6 System Performance 10 8 80 10 100 9 90 9 90 9 90 7 70 6 60 9 90 8 80
(Con_:)l Complexity)

17 OperationalComplex_ 5 10 50 10 50 10 50 5 25 6 30 6 30 9 45 6 30 9 45
(Ground Ops)

18 Technology Needs 5 6 30 6 30 9 45 8 40 8 40 4 20 6 30 5 25 10 50

9 Development Riek 5 7 35 6 30 10 50 8 40 8 40 5 25 6 30 5 25 8 40

10 Cost- LCC 15 4 60 10 150 3 45 1 15 7 105 8 120 3 45 1 15 1 15

Total 100

Weighted Score 1715 900 790 485 605 560 530 485 475

Rank 3 "1 2 6 4 5 6

Rank-Less 2A 2 1 5

* Based on incomplete ThermophysicaJ Properties of Steam at CriticaJ Point

3 4 5
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was the leading trade candidate. However, consultationwith the NBS and subsequent

analyses indicatedthatpropertiesof steam assumed in the evaluationwcrc unsupported.

Preliminary communication with the NBS on the effectsof mixing steam near itscritical

pointwith helium ledtotheconclusionthattheapparent"exccss"cnthalpyencounteredupon

mixing would yielda highertemperaturethan theapproach consideringtheclassicalmixed

cnthalpy of the combined fluidstream. Aftera morn detailedexamination of the literature

and consultationwith specialistsin the field,itwas determined thatthe "excess" cnthalpy

comes about from an increaseindensity,not an increasein tcmpcraua¢. When the system

was rcsizedtoaccount forthecorrectmixing properties,thercsizedsystem was too largeand

heavy to warrant furtherconsideration,and was thereforedropped. The largeamount of

water introducedintothepropcUant tanks alsodetractedfrom thissystem. Itwas therefore

recommended thatsystems 2 and 3,(storedgas with gas generatorsand heat exchangers as

aprimary heatingsource)and systems 4A and 4B (storedgas withcatalystbeds asa primary

heatsource),be carriedforward intothe system optimizationand down-selectphase of the

PTPSTP studies. Additional detailsof the "want" criteriascreening are contained in

Appendix E of thisreport.

3.4 SELECTED SYSTEM OPTIMIZATION AND FINAL DOWN-SELECT

The systems selectedforoptimizationarecommon inthatallstorethehelium prcssurant

at supcrcriticaltemperature (40°R) and 3000 psia,use secondary heating to expel the

prcssurantfrom thestoragedewar, and have primary heatsourcestoexpand thehelium before

introducingthepressurantintothepropellanttanks.The differencebetween selectedsystems

isthemethod used to heatthe helium prcssurant(Figure3.4-1).

I SecondaryHeat i

L Source

Primary
Heat

Source
Fuel Oxidizer

i Tank [ Tank
I

Primary Heat Source Seconclary Heat Source
Options Options

Gas Generator/Heat Exchanger

Catalyst Bed

O2/I-12Helium Heater

Steam

Reclrculation Helium

Catalyst Bed-Tridyne

OP./H2 Helium Heater

Figure 3.4- l Primary and Secondary Options to Heat

Helium Prcssurant

An O2/H2 helium heater

performs the same functionas

a catalystbed by using stoi-

chiomctriccombustion of 02

and H2 instead of catalytic

combination of 02 and I-I2to

heat the pressurant helium.

This optionwas added to the

optimizationstudy afterrec-

ommendation by MSFC and

evaluationby MartinMarictta

and Acrojct.

An assessment of the se-

lected primary/secondary

heatingoptionsproduced six

system optimization candi-

datesforfurtherstudyand fi-

nal candidate selection.

Schematics of these candi-
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_ Liquid / GasInterface

Fuel Oxidizer

Figure 3.4.2 Optimization Candidate 1 -GG/HX/Stcam

_ Liquid / GasInterface

Fuel Oxidizer

I

1
J

Figure 3.4-3 Optimization Candidate 2 - GG/HX
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+n_2t__)_ Catalyst/HX _--

Figure 3.4-4

I_ Uquid/Gas Interface

Optimzadon Candidate 3 - Catalyst Alto'hate

Liquid/Gas Interface

talyst/HX ]"

Figure 3.4-5 Optimization Candidate 4 - Catalyst Alternate/Steam
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Secondary
Heater

SC
He

Primary
Heater
Assy

---Liquid/Gas Interface

Figure 3.4-6 Optimization Candidate 5 - LO2/LH2/He Heater

Hea.te_

.__ Liquid / GasInterface

Fuel Oxidizer

/

Figure 3.4-7 Optimization Candidate 6 - LO2/LH2/He Heater/Steam
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dates are shown in Figures 3.4-2 through 3.4-7. Optimization of the candidates was

accomplished by applying common system design goals to each. Optimization goals were

developed for seven categories as presented in Table 3.4-1. As can be seen, some

optimization goals were common to several categories. Each system design was analyzed

and modified in both system design and vehicle packaging to satisfy as many optimization

goals as possible.

Table 3.4-1 Pressurization System Optimization Goals

1 Safety

• Reduce number of high-pressure bottles

2 Reliability

• Reduce number of ¢ornfxxle_

Elirninato single failure points, except stnJcture, pressure vessels

Hardware single fault tolerant

Separate redundant systems

Separatists incompatible systems, rnatedals, environment=

Provide redundancy verification, monitodng, management

3 Supportability

• Design for easy component removal
Use standardized components and subsystems
Use "off-the-shall = components
Minimize GSE/TSE

- Lower checkout/test and cal_radon requirements
• Reduce number of components

4 Ground oper_ons

Ignition system minimizing lilt minute access and servicing
Uniform TPS thickness
Minimize launch =dto TPS doseout=

Minimize attach points in TPS areu
• Reducenumber of component=
• Reduce launch site checkout

• Easy access to components

Locate umbillcals to facilitate loading
Use automated/BITE checkout

5 Packaging

• Reduce number of component=

Reduce slze/weight of component=
Provide additional I/T or forward skirt volume
Reduce number of valves/sizes

Minimize external line runs & protuberances
Minimize large diameter flex lines & hlgh-pressure bellows
Minimize dewar peneU'ations & internal components
Minimize ground umbillcals

6 Cost

• Reduce number of small tanks

7 ConSols

Reduce number of control loops
Reduce instrumentation and number of

sensors

Simplify startul_shutdown procedures
Eliminate special etertup/shutdown hardware

• Multi-discipline requirement

The six optimized system

candidates were then compared

using the standard Martin

Marietta trade study method-

ology to select the best flight

system. Each system was ana-

lyzed with respect to 10 scor-

ing criteria and comparative

scores developed. The criteria

scores and weighted scores are

shown in Table 3.4-2. This

scoring matrix can also be pre-

sented in a more subjective

manner as shown in Table 3.4-

3. Table 3.4-4 summarizes the

results of the trade analyses for

the six optimized system can-

didates.

The two highest scoring

systems, 4 and 5, were sub-

jected to arisk assessment, and

the relative risk to successfully

develop each system was com-

pared. The risk assessment

indicated that system 5 Was the

best overall choice for the flight

pressurization system. The

summary results of the risk

assessment are shown in Table

3.4-5.

A weighting factor sensi-

tivity assessment was also per-

formed to evaluate the impact

of weighting factor values on

trade study results. The
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NO. Scoring Criteda Wt.

1 Safety

2 Reliability

Table 3.4-2 System Optimization Scoring Mauix

Cand 1 Cand 2 Cand 3 Cand-4 Cand 5 Cand 6

GG/HX/ GG/HX Catalyst Catalyst LO2/LH2/ LO2/LH2/
Steam Alternate Alternate/ He Heater He Heater/

Steam Steam

Wt. Wt. WL Wt. Wt. Wt.

Sc Sc Sc Sc Sc Sc Sc Sc Sc Sc Sc Sc

20 10 200 91,180 8 160 9 180 8 160 8 160
I

20 10 200 1 20 8 160 9 180 7 140 7 140

3 System Packaging

4 Weight

10 5 50 4 40 8 80

5 2 10 2 10 7 35

8 80 10 100 9 90

8 40 10 50 10 50

5 Supportability 5 10 50 8 40 8 40 8 40 7 35 7 35

6 System Performance
(Control Complexity)

7 Operational Complexity
(Ground Ops)

8 Technology Needs

10 10 100 10 100 9 90 9 90 9 90 9 90

5 10 50 9 45 5 25 8 40 10 50 8 40

5 8 40 9 45 9 45 8 40 10 50 9 45

9 Development Risk 5 8 40 10 50 9 .45 8 40 10 50 9 45

10 Cost- LCC 15 4 50 1 15 10 150 10 150 10 150 10 150

Total 100

Weighted Score

Rank

800! 545 830 880 875 845

5 6 4 2 1° 3

* Based on Risk Assessment

No Evaluation Criteria

1 Safety

2 Reliability
3 System Packaging

4 Weight

5 Supportability
6 System Performance

(Control Complexity)
7 Operational Complexity

(Ground Ops)

_ Technology NeedsDevelopment Risk
10 Cost- LCC

Overall Concept Evaluation

Table 3.4-3 System Optimization Results

Cand 1 Canal 2 Cand 3 Cand 4 Cand 5

GG/HX/ GG/HX Catalyst Catalyst LO2/LH2/
Steam .Alternate Alternate/ He Heater

Steam

O O E O E E
O M E O E E
M M E E O O

M M G G O O

O G G G G G
O O E E E E

O E M G O G

G E E G O E

G O E G O E

G M G E O G

O - Outstanding E - Excellent G - Good M -Marginal

Cand 6
LO2/LH2/

He Heater/

Steam
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Table 3.4-4 Candidate Scoring Summary

Candidate Advantages Disadvantages Rank

51
GG/HX/Steam

2
GG/HX

3

Catalyst Altemate

4

Catalyst Alternate/Steam

5
LO2/LH2/He Heater

6
LO2/LH2/I-le Heater/Steam

High Safety/Reliability
Easy Support
Easy Control
Simple Operations

High Safety
Easy Control
Low Technology Needs
Low Development Risk
Simple Operations

High Safety�Reliability
Easy Control
Low Development Risk
Low Technology Needs

High Reliability
Easy Control
Low Cost

High Safety/Reliability
Low Weight
Easy to Package
Low Technology Needs
Low Development Risks
Simple Operations
Low Cost

High Safety/Reliability
Easy to Package
Low Weight
Easy Control
Low Technology Needs
Low Development Risk
Low Cost

High Weight
High Cost
Hard to Package

High Weight
High Cost
Low Reliability
Hard to Package

Difficult Ground Ops

6

4

3

weighting factors were adjusted into four groups: 1) high safety weight, low operations

weight (values used in trade); 2) balanced weight with 25%/group; 3) balanced weight with

10%/criteria; and 4) high operations and performance weight, low cost/risk weight, medium

safety weight. Table 3.4-6 presents the weighting factor sensitivity assessment results and

comparative scores for systems 2, 4, and 5. These results, plotted in Figure 3.4-8, show that

adjustments to the trade study weighting factors from the baseline improves the ranking of

system 5 relative to the other candidates. The selection of system 5 is, therefore, supported

by this assessment

The rationale for the selection of a system which uses helium heater(s) as the best flight

pressurization system energy source is summarized in the following paragraphs:
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Table3.4-5 LO2/LH2/HeHeatervs CatalystAlternate/SteamRisk Assessment

Water/Ice Management
• Heater is Lower Risk

- 80 % Less Steam in Dewar as Compared to System 4
• Heater is More Tolerant of Ice Crystals

TechnlcaVDevelopment Risk
• Heater is Lower Risk

- Utilizes Existing Technologies
- Catalyst Startup at Low Temperatures Issues Are Unresolved

System Flexibility Amssment

• Heater Provides More Rex_ility for Varying Operating Conditions
- Liquid vs Gas Supply
- Stratified vs Unstratified Dewar Conditions

- Does Not Require Gas Mix in Dewar
• System Can be Optimized with a Heater on PTF

• Catalyst Can be Developed to Point Design Requirements and Tested on PTF
- Simple PTF Change

Selected System is LO2/LH2/He Heater

Table 3.4-6 'Want" Criteria Weighting Factor Sensitivity Assessment

Scoring Criteria

Safety
Reliability

Operational Complexity
Supportability

Weight
Packaging
System Performance

Technology Needs
Development Risk
Development Cost

Selected System's
Scores

4
5
1

As Proposed
High Safety

Low Operations

20
20 40%

5
5 10%

5
10 25%
10

5
5 25%

15

880
875
800

Balanced
25% Group 10% Each

12.5
12.5

12.5
12.5

5
10
10

5
5

15

865
891
8O0

25%

25%

250

25%

10
10

10
10

10

10
10

10
10
10

850
910
770

20%

20%

30%

300/,

High Operations
High Performance

Low Cost/Risk
Medium Safety

10
10 20%

17.5
17.5 35%

15
10 35%
10

5
5 15%
5

880
938
830
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930

870
Concept

Score

810

750

m5

2/LH2/He Heater

•__ _ System 4
_, _ Catalyst Alternate/Steam

__S_tam 1

-__ / GG/HX/Staam=-'_"

ii

Weighting Factors

I I I I
High Safety (40%) Balanced Balanced High Ops (35%)

Low Ops (10%) Group Individual Medium Safety (20%)
High Cost (25%) (25%/Group) (10% Each) Low Cost (15%)

Figure 3.4--8 'Want" Criteria Weighting Factor

- The heater is a simple component and is functionary reliable. In addition, any

non-combusted propellants in the helium heater cannot exceed flammability limits in the

pressurant gas. Worst case would have the hydrogen and oxygen propcUants mixing with the

helium flow through the hcatez"without any combustion. This would provide a pressurant

100 I10 gO 4O _0 0

)nml _l¢_iI By V_xne

Figure 3.4-9 Experimentally Verified O2/H2/Inert

Combustion Domain

mixture by volume of

94.3% helium, 3.8% hy-

drogen, and 1.9% oxy-

gen. This ratio is below

the O2/H2 flammability

limit shown in Figure 3.4-

9. Overall this system

has an excellent safety

rating.

_-Thereare

no functional criticality 1

failure modes in system

5. The system is fully

redundant. Reliability is

negatively impacted by

control system complex-

ity and the existence of

92 criticality 1 structural
failure modes. It can be
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seen from structural criticality 1 count, shown in Table 3.4-7, that the selected system has

slightly more criticality 1 failure modes than competing systems but is still considered an

excellent system from a reliability standpoint.

System Packa_zing - The selected system packages better than other systems because of

smaller components and shorter line lengths. All components fit in the LRB forward skirt

and nose cone volume. Packaging is compromised somewhat by the need for four pressurized

LO2/LH2 Helium Heater

Pressurization System

2 required per LRB

+ 4.1' dia LO2 tank
+5.3' dia LH2 tank

Catalyst Bed
Pressurization System

2 required per LRB

+ 4.5 °dia GO2 tank
+ 4.5' dia GO2/GH2/GHe tank

n

/

Regen heat exchanger
1 required per LRB

/

/

Gas Generator/Heat Exchanger + 540 cuft additional propellant volume
Pressurization System + 1875 ib additional vehicle structure

2 required per LRB

Figure 3.4-10 Relative Size of Primary Heat Source
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storagevessels. This systemis ratedoutstanding for packaging in an LRB size vehicle.

Figure 3.4-10 shows the relative size of key components for the heater, catalyst bed and gas

generator/heat exchanger systems. The advantage of the heater system size is obvious.

- The selected helium heater system has the lowest system weight of all of the

studied systems. Most of its components are small, providing an LRB size system weight of

39,200 lb. This compares to 51,900 lb for a catalyst system and 70,300 lb for a gas generator/

heat exchanger system. The selected system was rated outstanding from a weight standpoint.

- Supportability was a category where the selected system scored lower

than a competing system. Although it has small components, the system has 138 LRUs. The

overall rating of the system in this category was good.

System Performance (Control Comp_ lexitv_ - The selected pressttrization system has a

simple control system and was rated best in terms of control authority and control flexibility.

The system has only four control loops, but is degraded by increased instrumentation

requirements. Fourteen sensor sets are required. Overall the system is rated excellent in the

system performance category.

Qp_erational Complexi w (Ground Op_s'_- System 5 is considered to have minimum ground

operations requirements and complexity when compared to the competing systems. The only

detracting factors are four heater units which must be processed and four tanks which must

be loaded. The system is rated outstanding for ground operations. Large cryogenic helium

conditioning equipment is needed by all of the systems studied and is not considered a

discriminator between systems.

Technolo_/Needs/Develooment Risk - These evaluation criteria are directly related.

The more technology needs, the higher the development risk. Technology needs for the

selected system are modest. Small amounts of water in the system must be accommodated,

and the system is considered tolerant to small amounts of ice. The primary heater and its

ignition in a cryogenic environment is the main technology issue. Because of Aerojet IR&D

demonstrations of similar hardware, an established technical database exists. The selected

system is rated outstanding in these categories.

Cost - System 5 is the lowest cost system of those studied. It has one of the lowest life

cycle costs, $812.5M, and the lowest DDT&E cost, $9.5M. It is rated outstanding in the cost

category.

The selected helium heater pressurization system was rated as good as, or better than, the

other competing systems in all the selection rationale categories with one exception. It was

slightly inferior in the category of supportability. Table 3.4-8 summarizes the selection

rationale discussed above. This table shows that while it was essentially equal to gas

generator/heat exchanger and catalyst systems in the areas of safety and reliability, its

superiority in the areas of system size, weight and cost make the O2/I-t2 helium heater system

the preferred option for an LRB/HRB propellant tank pressurization system.
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Table 3.4-8 Final Selection Data Summary

LH2/LO2

GG/HX Catalyst He Heater

Size, weight, line Size, weight
length

GG over temp Catalyst System
GG ¢oking contamination complexity

Packaging

Safety Concerns

Reliability

Life Cycle Costs

Weight

Technology Cost

No non-redundant
functional crit 1
failures

No non-redundant
functional crit 1
failures

$1,219M $851M

70,000 Ib 52,000 lb :39,000 Ib

High High Medium

Table 3.4-9 System Reference Number Cross Reference

Optimization System System Candidate
Candidate Reference Reference Number
Number (Vol II) (Appendices)

No non-redundant
functional crit 1
failures

$813M

1 GG/HX/Steam
2 GG/HX

3 Catalyst Alternate

4 Catalyst Alternate/Steam
5 LO2/I.H2/He Heater

6 LO2/LH2/He Heater/Steam

2

3
4A

4A-2
4Z
4Z-1

Detailed selection meth-

odology and candidate systems

data, such as weight break-

down and component sizes, are

presented in appendices E and

F of this report. Table 3.4-9

presents a cross reference be-

tween optimization candidate

systems reference numbers and

candidate reference numbers

in the appendices.

3-27



3-28

I:! i



4.0 SELECTED SYSTEM DEFINITION

4.1 SYSTEM DESCRIPTION

The flight pressurization system selected with the optimization studies is a stored

pressurant gas system using O2/H2 fueled helium heaters for both the primary and secondary

heat sources. The helium pressurant is stored as a supercritical fluid at 3000 psia and 37-40°R.

This takes advantage of the relatively high density of the helium at these conditions. The

primary heat source is an LO2/LH2 fueled helium heater. The oxygen and hydrogen bum

at near stoichiometdc conditions (0/F- 8) and mix with the cold helium pressurant to produce

an ullage pressurant gas at 900-1000°R. The O2/H2 secondary heater is also a stoichiomctric

burner which exhausts into the helium storage dewar to provide the energy for positive dewar

expulsion over the complete system duty cycle. Both heaters are supplied by a pressure-fed

LO2/LH2 system. Ambient helium at 4000 psia pressurizes the LO2 and LH2 tanks. A

simplified schematic of the system is shown in Figure 4.1-1. Figure 4.1-2 is a more detailed

system schematic that presents flow rates, temperatures, and pressures in the system as well

_-_.._ 5000 psi

.
__ [_ _ ["-- Liquid/Gas Interface

,4ooops,  o

I 37°R I _x,__

.S.C _ t"_l'e-a_r __..._J _ / _ /

'  - ' -J)l ooooRI

Figure 4.1-1 PTPSTP Selected System LO2/I2t2/He Heater

as the sizesof major hardware components and the number of controlcomponents in the

system. The system has been sizedto be consistentwith the requirements presented in

Section 1.2of thisvolume.

The system components are relatively small with the exception of the main helium

storage dewar and package well into an LRB size vehicle. Most system components are
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Figur_ 4.1-2 Selected System Schematic

housed in the forward skirt and nose cone section of the vehicle. This provides for compact

installation and easy servicing. An installation sketch of the selected system is presented in

Figure 4.1-3. It should be noted that fill and drain tines/valves are not shown in this sketch.
Plumbing details for the system including line lengths, bend radii, line sizes, etc. are

presented in Appendix F of this report.

The requirements for the control system (Table 4. l- l ) were derived from the pressuriza-

tion system requirements discussed in section 1.2 of this volume. Several control system

schemes were evaluated during the optimization efforts. The selected control configuration
is summarized in the following paragraphs.
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A

B

A

A--A

8--B

Figu_ 4.1-3 FlightVehicleLO2/LH2/He HeaterSystem Installation

Fuel and LO2 Tank Pressure Control - Both the LO2 and RP-1 tanks operate at the same

pressure. This pressure is constant throughout booster flight. Booster engine thrust changes

are accommodated by throttling the pressurant flow to the tanks. The helium pressurant flow

is controlled by a network of parallel orificed valves upstream of the helium heater. The on/
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Table 4.1-I Control System Requirements

Ji Oxidizerand fueltankpressurestobe controlledtowithin_+5.0percentThe primaryheatsourceisused toheattheheliumtoconstanttemperature

The secondary heatsourcewillbe sufficienttomaintainenough pressureinthe helium

I tank to complete the 120 second mission
• Initial ullage volume of 5%
• Maximum LO2 and RP-1 ullage temperature is 800 *R

. Maximum helium pressurant temperature exiting primary heat source is 1000 *R
• Maximum system LO2 volume flow rate is 112.4 ft3/sec
• Maximum system RP-1 volume flow rate is 65.9 ft3/sec
• The system shall accommodate engine throttling of 75% at t+30 sec to prevent

I exceeding vehicle max Q limits• The pressurization system shall have no operational crit 1 failure modes. The control
system shall handle full component redundancy

i

off valve network is designed to accommodate engine flow changes and the failure of one

valve. The valves are controlled by propellant tank pressure. These valves are shown

between plumbing locations I and E on the pressurization system schematic (Figure 4.1-4).

Figure 4.1-4 Flight Vehicle Pressurization System Flow for Selected System

Pressurant Tem_t_rature Control - The primary heat source is an oxygen/hydrogen heater

with a helium diluent and provides a pressurant temperature at the heater oudet of 900-

1000°R. Hydrogen and oxygen flows are controlled in unison to maintain the heater outlet

temperature. The oxygen/hydrogen flow ratio is maintained to provide a stoichiometric

mixture into the heater. The pressure of the LH2 and LO2 tanks is held at a constant level

above the supercritical helium tank pressure. This allows the control valves and heater
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injectors to operate with a constant pressure drop across them. These control valves and the

heater outlet temperature transducers are shown between plumbing locations B/D and F in

Figure 4.1-4.

Helium Tank Heat Addition - The secondary heat source is an oxygen/hydrogen heater

located in the helium tank. The hydrogen and oxygen flow rates to the secondary heater are

maintained at a stioehiometric mixture ratio by orifice selection and the constant pressure

drop across the orifice and injector in combination. This provides a constant heat addition

to the helium tank. These control elements are shown between plumbing locations G/H and

the helium dewar in Figure 4.1-4.

The control system provides for normal operation at both 100% and 75% engine thrust

levels and reliable operation through full system redundancy. System redundancy provides

for the shutdown and isolation of a failed component. Single branch components in all

parallel branch systems can accommodate the full range of operating scenarios. Flows can

vary from 37.5% to 100% of design system flow. The system is designed to fail operational.

A failed component such as a heater high/low temperature condition will be sensed, and the

component will be isolated and shutdown. Concurrently, the parallel component will provide

twice the flow to accommodate system needs. These are also check valve sets in the system

which prevent the inadvertent bacldlow of LO2 into an LI-I2 or RP- 1 system and vice versa.

A vehicle engine-out condition is handled by the vehicle engine controls and is essentially

invisible to the pressurization system.

Appendix G of this report presents the results of controls concept definition and modeling

analyses done by Honeywell in support of the FrPSTP.

4.2 MAJOR COMPONENTS DESCRIFFION

The major components of the selected flight pressurization system are the helium

pressurant storage dewar, the O2/H2 helium heaters (primary and secondary) and the system

valves.

Pressurant Storage Dewar- The helium pressurant storage dewar is a spherical heavy wall

tank capable of holding 14,000 lb of supercritical helium (P=3000 psia and 40°R). The

preliminary design concept is a welded tank of aluminum-lithium material insulated with

spray-on foam insulation. The tank is approximately 13 ft in dia. The helium will be

preconditioned by a ground conditioning system as it is loaded into the tank. The pressurant

will be maintained at proper storage conditions prior to launch by a ground recirculation/

cooler system.

]_l]l_IF..l_g_- The primary O2/I-/2 helium heater is a cylindrical unit with an LO2/LH2

fed injector and bums LO2 and LH2 at near stoichiometric (O/F = 8) conditions. The

combustion flow is mixed with cold helium diluent to produce tank ullage pressurant at a

temperature between 900-1000°R. A current design concept, shown in Figure 4.2-1 utilizes

4-5



a turbulencering to promotemixing betweenthehotO2/14_2core flow and the cold helium

diluent. Valves control the L02, LJ-t2 and helium diluent flows. The heater has the capability

of being throttled to 37 1/2% of full flow to satisfy all of the system operations requirements,

!

!

Figure 4.2-1 Primary H_lium Heater Concept

the primary heater, and must be regeneratively cooled by LH2.

reliable ignition in the cryogenic helium environment.

i.e. max Q throttle, engine

out, heater out. Details of

the heater design concept

are presented in the Aeroj et

final report (Appendix B).

SeeondarvHeater-The

secondary O2/H2 helium

heater must be a compact
unit that can transfer the

" 02/I-I2 heat of combustion

to the helium pressurant in

an efficient manner to en-

sure proper expulsion of the

helium from the storage

dewar. This unit must be

designed for reliable igni-

tion and operation in a

cryogenic helium environ-

ment. The current design

concept uses a dewar tank

wall-mounted unit ex-

hausting directly into the

stored helium. The selected

system provides two sec-

ondary heaters for redun-

dancy. The secondary

heater design concept is

shown in Figure 4.2-2. This

unit also operates at near

stoichiometrie conditions

similar to the primary

heater. It does not use a

cold helium diluent, as does

A torch ignitor ensures

System Flow/Control Components - The following is a brief description of the pres-

surization system valves, regulators, and orifices required for the flight pressurization

system.

_bient heliumstored at 5000 psia is utilized to pressurize the heater propellant tanks.

A normally closed, solenoid operated valve (globe, gate, or ball), coupled with a downstream
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L02 Inlet

Hyperthin
Injector Gore

Inlet

GO2 Inlet

GH2 Inlet

Igniter

L02 Manifold Cover

L02 Manifold

Injector Body

Regen Cooled Chamber

Fignm 4.2-2 Secondary Heater Assembly

pressurereducingregulator,providesflow controlofthehelium gas.Systemredundancy and

fail operational capability is achieved through the utilizafion of a parallel flow path through

identicalcomponents. Operationalpressureand temperatureranges are4000-5000 psiaand

500-530°R. Components aresizedforuse with 1.0in.dialines.Gaseous helium flow issplit

and muted totheindividualpropellanttanks 0.,02 and 1.2]2).Quad redundant check valve

assembliesprevent back-flow and/orpropellantmixing should an over-pressurecondition

occur inthe propellanttanks.Operationalpressureforthecheck valve assembliesis4000-

5000 psia. Temperature requirements and servicemedia for the check valves arc: liquid

oxygen compatibilityand 160°R temperaturerequirement foroxygen pressurizationchcck

valves; and, hydrogen service compatibility and 37°R temperature requirements for the

hydrogen pressurization check valves.

Control of propellant flow to the primary and secondary heaters is accomplished using

dual valves in series. One valve, primarily a shut-off valve, is paired with a control valve to

provide mixture ratio control. The shut-offvalves have a normally closed, solenoid actuated

pilot valve design and provide full flow to the control valves. The control valves have a

normally open, solenoid operated pilot valve design with orificed flow for mixture ratio

control. Liquid hydrogen valve requirements are 4000 psia operating pressure, 37°R

operating temperature, and sizes ranging from 1.0 in. (secondary heater supply) to 2.0 in.
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(primary heater supply) dia. Liquid oxygen valve requirements are 4000 psia operating

pressure, 160°R operating temperature, and sizes ranging from 0.75 in. (secondary heater

supply) to 1.50 in. (primary heater supply) dia.

Primary heater helium flow is regulated with a four path parallel valve network which

supplies both primary heaters. Anormally closed, solenoid operated shut-offvalveis utilized

to provide heater isolation in the event of heater failure. The regulating network consists of

four normally closed, solenoid operated pilot valves with orificed flow arranged in parallel

to provide incremental flow-rate control. Design criteria for these valves are 3000 psia

operating pressure, 40OR operating temperature and 0.5 see maximum response time.

The heated exhaust gases (helium/steam mixture) from each primary heater are collected

in a manifold and distributed to the vehicle main propellant tanks (LO2 and RP-1). Dual,

series arranged check valves are located at the outlet of each heater to prevent back-flow and
provide isolation of the heater in the event of heater failure. These check valves will be

designed for low-pressure drop, 1500-2000 psia operating pressure and 1000°R operating

temperature. Quad redundant check valve assemblies, located in the individual tank

distribution lines, prevent back-flow and/or propeUant mixing should a main propellant tank

over-pressure condition occur. The requirements for these cheek valve assemblies are the
same as the heater outlet check valves described above. The line diameters for the check

valves are as follows: 5.0 in. dia for each individual heater;, 3.0 in. dia for LO2 tank

pressurization; and, 2.0 in. dia for RP-1 tank pressurization.

Vent and relief valves are required for all propellant (LO2, I.,H2, LHe, GHe, and RP-1)

tanks. Prelaunch vented propellants willbe dueted overboard through umbilical disconnects

to the appropriate vent or bum stack. High operating pressure, low response time, material

compatibility and minimized leakage must be considered in the design of these valves and

related hardware in order to provide high system reliability.

4-8



5.0 TECHNOLOGY ACQUISITION PLAN

5.1 TECHNOLOGY NEEDS

The following technology needs for a pressure-fed LRB or HRB pressurization system

were identified during the flight system trades and system optimization studies.

Water/Ice Management - The selected flight system will introduce small amounts of

water into the system from the primary flow helium heater and the secondary Helium heater.

The water will form ice in the Helium storage dewar and ice in the main LO2 tank. It will

be deposited in the form of condensation in the RP-1 tank. Understanding and controlling

the effects of this water/ice is considered an enabling technology.

Hi_ Efficiency Helium Heater fPrimarv)- The helium heater used as aprimary pressurant

heat source in the selected flight system must be a high efficiency unit that can maximize the

transfer of the O2/I-I2 heat of combustion to the helium pressurant. Achieving this in a

durable, stably operating, compact unit is considered an enabling technology. In order to

demonstrate technical feasibility of the proposed system, depicted in Figure 5.1-1, several

key technologies will be explored using one quarter scale heater component tests performed

at Aerojet and system tests performed at MSFC. The technologies of primary concern are

related to the startup and operation of the system over the entire throttle range of the heater.

4000 psi I
37 *R

5.3 ft dia
DryWgt
707 Ib

Fluid Wgt
325 Ib

3000 psi
37 *R

13.0 ft dia
Dry Wgt

14.627 ro
FluidWgt
14,325 Ib Assy

SC
_( He

LO2

5000 psi
530 *R
6.3 ft dia I

DryWgt I
2823 Ib !

Ruid Wgt / Lk:luki/Gas Interface40OIb I--

4o00163 °R
4.1 ft dia
DryWgt
330 Ib , .

Flu WgtI ._L .

lOOOmI

Figure 5.1-1 Selected Pressurization System Schematic
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Table 5.1-1 Technology Needs for Subscalc Testing of Primary Heater

Mixing efficiency of reactants and pressurant

Variation in mixed gas products properties over expected operating range

System stability over expected operating range

Ignition and start-up characteristics (using helium lead)

Table 5.1-1 presents technology "needs" to be addressed in subscale testing of the primary
heater.

High Efficiency Helium Heater (Secondary1 - The helium heater used as a secondary

pressurant heat source in the selected flight system must also be a high efficiency unit that

can transfer the O2/I-t2 heat of combustion to the helium pressurant in the storage dewar to

ensure efficient dewar expulsion. Achieving this with a durable compact unit that can operate

in a cryogenic helium environment is considered an enhancing technology.

As currently planned, the technology acquisition plan does not include design, fabrication,

or testing of the secondary heater in the quarter scale test article. One of the major concerns

is reliable ignition of the secondary

heater in the helium dewar envi-

ronment. The proposed testing of

the primary heater will provide

some insight to potential ignition

problems of the secondary heater.

The similar, but not as severe, en-

vironmental conditions for the

primary heater will define which

environmental control techniques,

i.e., initial isolation or preheating,

will be required to ensure reliable

ignition. Table 5.1-2 summarizes

which technologies are directly

applicable to both the primary and

secondary heater.

Table 5.1-2 Technology Acquisition Applications

Technology Primary Secondary
Issues Heater Heater

X N/AMixing efficiency of helium
primary heater

System stabilityover
operating range

Ignition and start-up
characteristics

Mixed gas properties over
expected operating range

X

X

X

N/A

X

N/A

Helium Dewar Expulsion Process - An efficient helium dewar expulsion process is

desirable for the selected flight system. Test data have indicated that temperature stratifi-

cation in the helium dewar can improve the expulsion process with a smaller secondary heat

source. Understanding and controlling the secondary heat input and heat transfer to the

helium pressurant in the helium dewar is considered an enhancing technology.
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5.2 TECHNOLOGY PRIORITIZATION

The pressurization system technology needs were prioritized, and the relative risk to the

flight system and a large subscale test system have been evaluated. This prioritization and

risk assessment was necessary to properly allocate budget resources and assign the technology

acquisition tasks to PTPSTP Tasks HI and IV. The prioritization and risk assessments of the

four identified technologies are presented in the following paragraphs.

Water/Ice Management - Water/ice management is a first priority, low risk, enabling

technology. As such it was assigned to Task 1//analysis and will be part of the technology

test bed (TrB) contamination test at NBS.

The pressurization system will introduce small amounts of water into the vehicle system.

Although this ice is not expected to be detrimental to system performance, an assessment of

its effects must be performed. The primary heater will introduce water into the main

pressurant flow. This will be in the form of water vapor until it reaches the main propellant

tanks. Small amounts of ice are expected to form in the LO2 tank and a small amount of water

will be deposited in the RP- 1 tank. A secondary heater would introduce water into the helium

storage vessel, forming ice. The properties of the ice and how much may be retained in the

helium vessel will be determined. The analysis efforts in Task III will answer these questions

sufficiently for test system design. Questions relative to ice formation in the helium dewar

will be answered by water or steam injection tests in the TI'B testing at NBS.

High Efficiency Heater-Primary - A high efficiency primary heater is a first priority,

moderate risk, enabling technology. As such it was assigned to Task III for analysis and

testing.

Development of a high efficiency helium heater is essential to proof-of-concept on the

selected flight system. Because of similar technology work ongoing in the propulsion

industry, demonstration of the primary heater is not considered difficult. It is anticipated that

analysis efforts in Task Ill will answer technical questions sufficiently for test article design.

Large subscale testing in Task 11I will provide proof-of-concept.

An injector will be designed for the combustor which will ensure that combustion is

complete within inches of the injector face; thereby giving a uniform temperature of the

reactants. For this reason, the majority of the technology issues are related to the presence

and mixing of the helium with the reactants.

High Efficiency Heater-Secondary - A high efficiency secondary heater is a second

priority, low risk. enabling technology. We decided to use Task ITI primary heater tests for

a partial evaluation and to defer analysis and tests of the secondary heater to Task IV.

Development of a high efficiency secondary helium heater is necessary for the selected

flight system concept, but it is considered a product of normal evolution from primary heater

development activities. Alternate means of helium dewar pressurization will be employed
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for the large subscale test article (i.e., ambient hydrogen). Combustion and cooling questions

for the secondary heater can bc answered by similar technology demonstrations on the

primary heater. Analysis and test of secondary heater concepts are deferred to Task IV

technology testing or later efforts.

Helium Dewar-Expulsion Process - The helium dewar expulsion process is a second

priority, low risk, enhancing technology. As such it was assigned to Task 1II analysis.

System performance has been bounded by analysis from 100% mixing to full stratification.

The system will operate between them two extremes. There is no significant system payoff

for performing subscal¢ tests on this technology element. Heat that can be eliminated from

the secondary (dewar heater) must be added at the primary heater. In addition, the results of

complex and expensive small subscal¢ _sts _ "difficult to scale to large storage dewars.

There arc two advantages and one disadvantage of a fully stratified dewar expulsion system:

Advantage

Advantage

Disadvantage

-40% lesssteam indewar

~200°F lower temperatureexcursion of helium supplied to

primary heater

Additionalcriticalhardware, i.e.diffuser.

5.3 TECHNOLOGY ACQUISITION/DEMONSTRATION

After the technology needs have bccn identified and prioritized, it is necessary to

determine the most cost effective way to acquire and demonswate the required technology.

This can be done by analysis, small subscalc tests, large subscale tests, or a combination of

these. An evaluation was done for each technology, and a determination was made on the

most cost effective way to acquire and demonstrate that technology.

Summaries of these evaluations for each technology arc as foUows:

Water/Ice Management- Water/ice technology issues arc ice location, form, distribution

and adhesion in cryogenic tanks, water phase and behavior, and ice plugging in the primary

helium hcatcr.

Analysis and theTrB testsbeing done atNBS were chosen as themeans to acquireand

dcmonstratethewater/icemanagement technology forthePTPSTP. Analysis isexpected to

approximate the water/icephenomena with sufficientaccuracy to support preliminary

system and component design. An effectiveapproach forpartialtechnology acquisitionis

system analysisand modeling. The TrB testingatNBS willprovide dataon iceformation

and propertiesina cryogenic dewar. The testand analysiscostsarclow and theresultsarc

considered scalabletofullsizehardware.

Issuessuch aseffectsof smallamounts of icein thehelium heater,and iceand/orwater

bchaviorinthehelium dewar and main propellanttanksarcnotconsideredcriticaltechnology

issues.Detaileddemonstration isplanned forPTPSTP Task IV testing.
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Hiuh Efficiency Heater (Prirnal_ - Efficient mixing of" the O2/H2 reactants with the

helium diluent is essential to system reliability and perform_e_. Variations in mixed gas

properties and system pressure drop data are needed for control system modeling. System

stability is another technology issue. Low frequency stability under deep throttling

conditions is essential. Characterization of ignition and startup characteristics is an important

technology issue also. Component testing at Aerojet is a cost effective way to examine these

technical issues with the exception of system interactions and pressure drop. Large subscale

system testing on the 116 test position at MSFC will expand and verify the Aerojet test

database and provide realistic system performance information for a reasonable cost.

The large subscale testing on the 116 test position will provide data on loss coefficients

of various system plumbing sections with realistic flows. Results should be scalable to a

flight system design. The 116 testing will also yield data on the system interactions. The

understanding of interactions between components such as the primary helium heater, the

pressurant dewar and the secondary heat source will be acquired. The low cost of the 116

testing provides an excellent technology return for the investment.

t-Iigh Efficiency Heater (Secondary_) - Satisfactory ignition of the secondary heater in a

cryogenic helium environment is the primary technology issue for the secondary heater. The

technology acquisition method proposed for the secondary helium heater consists of use of

large primary heater test data for analysis and preliminary design of the flight secondary

heater. Use of large subscale primary heater test data is expected to bound the secondary

heater ignition problem.

Analysis and preliminary design of a flight secondary heater is desirable, but is deferred

to PTPSTP Task IV in the technology acquisition plan. Analyses will include injector

hydraulic analysis, injector combustion performance, and a literature review and modeling

of the ignitor flow. This modeling effort will determine the ignition energy required and

definethe severityof the ignitionproblem.

The secondary heater technology acquisition efforts are considered enhancing because

an ambient helium cascade system is a backup method for secondary heat addition if a

secondary helium heater is not feasible.

Helium Dewar Expulsion Process - Helium dewar expulsion issues include temperature

stratification, fluid mixing and circulation, heat transfer, secondary flow impingement, phase

change diffusion and heat addition, momentum transfer, and primary outflow. Analysis of

these issues is low cost and results are expected to be sufficient for system design. Small

subseale test costs are high and results are difficult to scale to larger sizes. Large subscale

test results are good, but costs are fairly high. Analysis is the chosen methodology to acquire

this technology. The analysis is expected to give a good first order approximation of the

phenomena associated with dewar expulsion.

As was discussed in the technology prioritization section, the pressurization system will

work with whatever level of stratification and mixing that exists in the helium dewar, from
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fully stratifiedto fully mixed. Any secondary heat addition saved by stratification must be

replaced by additional energy added in the primary heater. This categorizes helium dewar

expulsion as a second priority, enhancing technology. This technology acquisition would

give an indication of minor impacts to system efficiency and does not, therefore, warrant

more than the analysis effort planned.

5.4 TECHNOLOGY ACQUIS_IONPLANSUMMARY

The detailed technology acquisition plan for the PTPSTP is presented in Appendix B of

this report. The plan, developed in Task H of the PTPSTP, presents how the technologies

identified in Task I, Flight System Optimization and Selection, can be acquired and

demonstrated in Task 1T[or IV of the program. The plan discusses the four technology needs

identified, including the priority rationale, the methods of acquisition/demonstration, the

rationale for method selection, and the detailed acquisition plan for that technology. Each

detailed technology acquisition plan includes a task description, work breakdown structure

(WBS) task flow, schedule, and cost estimate. In addition to the individual technology

acquisition plans, a task was included in the plan called post-test technology assessment. This

included subtasks for refinement of the optimized flight pressurization system and integration

of the technology "lessons learned" into the FIT pressurization system• PTF integration is

a deferred subtask, subject to PTF project approval. The following paragraphs summarize

the individual technology acquisition plans for the four identified technologies.
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Water/Ice Management - The water/ice management technology effort has been divided

into two parts. Analyses will be performed in PTPSTP Task III to investigate the technical

issues associated with water/ice management. NBS TTB subscale testing will be performed

to investigate these same technical issues. This testing will develop data to refine the PTPS TP

analyses.

The analytical modeling effort will focus on determining the properties and residence

time of water/ice formed within the pressurization system. Three distinct areas will be

analyzed. These are the helium dewar, the primary heater, and the main propellant tanks.

1.4.2.1 1.4.2.3 1.4.2.4

Set Up
Test Hardwan_

• SteamSource
• Steam Healer
• Th_uple Mast
• Vkleo

!.4.2.2

Test Plan

Test

• Suratificatioa
• Condensation / F:=c_ Zone
• Ice Samples

Analyze & Apply
Test Results

• Panicle Properties
• Dewar Analysis
• Primary Heater Analysis
• Propellant Tank Analysis
• Miscellaneous

Figure 5.4-2 "FIB NBS Test (1.4.2)

The NBS testing effort will collect data related to phenomena in the helium dewar such

as density of particles, statistical distribution of variously sized particles, adhesive properties,

cohesive properties, and suspension of particles. Activities will include test planning, test

hardware setup, testing/data acquisition, and data analysis.

The water/ice technology acquisition WBS and task flow is show in Figures 5.4-1 and
5.4-2.

Primary_ Helium Heater - Acquisition and demonstration of the technology required for

the direct helium heating pressurization system will be achieved through the design,

fabrication, development, test, and delivery of pressurization system components sized for

a quarter scale flight system.

Aerojet Propulsion Division will perform the technology acquisition required for the

primary heater. This heater will be designed for operating conditions appropriate for a

pressure-fed propulsion system as defined by Martin Marietta Manned Space Systems.

Aerojet Propulsion Division will design, fabricate and test primary heater components,

subassemblies, and/or assemblies to the extent necessary to acquire the needed technology.
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Technology demonstrationwill be accomplishedthrough testing of a primary heater

assembly designed and delivered for operation on test stand 116 at MSFC.

This technology demonstration of the primary heater on test stand 116 will be made using

hydrogen in place of helium as the primary pressurant. This substitution will be.done because

of the expense of hardware required to condition helium to supercritical temperatures and

pressures and the recurring high cost of helium for each test run. Any deviation from the basic

design for helium to accommodate hydrogen for this demonstration must be evaluated and

approved by Martin Marietta Manned Space Systems and MSFC.

The initial effort required to design, fabricate, and test the technology demonstration

hardware is the definition of design requirements. In parallel with the design requirements

definition, work willbegin on defining the test objectives. The test objectives must be worked

in parallel in order to define instrumentation requirements and the test matrix, both of which

will impact the hardware design. Included in the test activities are the engineering support

of the testing, test procedures, post-test data analysis, and final reporting of the test results.

The design task will include a definition of design requirements, and preliminary design

of the demonstration hardware, heater analysis, and final design of the demonstration

hardware. Analysis efforts include injector hydraulic analysis, combustion analysis, mixing

analysis, pressure loss analysis, thermal analysis, and combustor low fi'equency stability

analysis. Final design efforts will include a preliminary design review (PDR) and critical

design review (CDR).

Fabrication of the demonstration hardware will include the heater assembly (injector,

combustion chamber and mixer) proof plates and flow fixtures for testing of the unit. After

assembly and preliminary testing, the primary heater will be ready for performance

preliminary testing at Aerojet.

Test objectives will be defined for the Aerojet testing and a test plan developed. The test

plan will include a def'mition of test instrumentation and a test man-ix. Table 5.4-1 presents

a typical test matrix for the Aerojet performance tests.

After testing at Aerojet, the resulting data will be reviewed, analyzed, and documented

prior to MSFC system testing with the primary heater. Any anomalies will be resolved prior

to testing at MSFC.

Table 5.4-I Typical Test Matrix

Test Number

1-3

4-10

11-20

21-25

Test Type

System checkout test

Variable chamber pressure testing to determine low frequency stability limit

Variable LO2/LH2 and diluent flow to anchor CFD model

Transient testing to define system response characteristics
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Preparation for the

MSFC testing will in-
clude def'mition of test

objectives and develop-

ment of a comprehen-

sive test plan for the

MSFC tests• MSFC

testing will be directed

toward understanding

the interactions between

the primary heater and

the rest of the pressur-

ization system including

System Flow Testing (5 tests)

Testing to establish system resistance and valve flow characteristics

Establish system fill times and valve response times

Open Loop Throttle Testing (10 tests)

Single point testing at flow rates of
100 %

75%

50 %

37 %

Closed Loop Testing - system performance definition

System simulation (5 tests)

Table 5.4-2 MSFC Typical Test Matrix

system response and controllability. A typical test matrix for the MSFC testing is shown in

Table 5•4-2• After completion of the MSFC testing, the data will be reviewed and analyzed

with test results documented in a finalreport. This report will present recommendations

relating to design parameters for the flight hardware.

The primary helium heater technology acquisition WBS/task flow is shown in Figures

5.4-3 through 5.4-5.
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Hardware Fabricationand Test (1.2.2)(cont)

Secondary_ Helium Heater- The technology acquisition for the secondary helium heater

has been deferred to PTPSTP Task IV.

The technology plan for the secondary heater consists of one major task divided into

several subtasks. The task covers the analysis and preliminai'y design of the flight type

secondary heater. A preliminary design of the full scale secondary heater will define the

operating parameters and design requirements. The preliminary design will also identify

critical design features which may be simulated in one quarter scale hardware in order to

validate the design approach. The effort will begin with a definition of requirements and a

design for the full scale hardware.

The purpose of this activity is to define the full scale design in sufficient detail to

understand technical issues relative to the full scale design. Key full scale features which

must be defined include injector configuration, definition of the ignitor design, and operating

parameters.

Two major components influence the performance of the secondary heater: the injector

and the combustion chamber. The injector and combustion chamber design influences the

efficiency of the combustion or energy addition process with the injector having the primary

influence. The chamber will influence the thermal performance of the secondary heater as

1.3.1.1 1.3.1.2 1.3.1.3

Parametric Study OfFullScale Design I Injector Hydraulic ]"_ Analysis

• Performance • Flow Distribution • Injector
• Manifold Delta P

• Injector Delta P

Figure 5.4-6 PTPSTP Task HI Analyses (1.3.1)
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measured by the absolute temperature of the exhaust products. Included in this task will be

the analysis of the combustion performance of the injector. Also included is the modeling

of the igniter flow in order to define the thermal environment in which ignition of the main

injector flow will occur.

The secondary helium technology acquisition WBS/task flow is shown in Figure 5.4-6.

Helium Dewar Expulsion Process - Analyses will be performed in PTPSTP Task III to

examine the technical issues associated with the expulsion of helium pressurant from the

helium storagedewar. The helium dewar expulsiontechniqueconsistsofadding secondary

heat to the helium storagedewar with an O2/H2 secondary helium heater. An alternate

method toprovide secondary heatadditionwould be theuse of an ambient helium cascade

system. While ambient helium isaviable,low technology approach,itcarriesperformance,

size,and packaging penaltiesforthelaunch vehicle,and is,therefore,considered a backup

technique for the purpose of the PTPSTP.

The analytical modeling effort will focus on describing the thermodynamics of a large

cryogenic helium dewar with a high discharge rate and secondary heat (enthalpy) introduc-

tion. The analysis methodology developed will support either technique of secondary heat
addition.

There are two primary approaches to achieving the high-pressure long duration flow from

a cryogenic dewar necessary for PTPSTP success. The enthalpy introduced into the dewar

can be in a stratified layer or mixed into a homogeneous fluid. The analysis outlined below

is necessary to characterize the expulsion process and develop the performance and hardware

requirements for implementation of either heat addition approach into the technology
demonswation hardware.

Our approach to the analysis is to create an analytical model that can be used to evaluate

different techniques that promote stratification within the supereritical helium dewar. The

model win provide predicted data to establish:

Thermodynamics of a cryogenic dewar with two distinct thermal nodes,

Effect of condensible gases (steam) on a stratified system,

Flow rate requirements of gas to the hot node,

Diffuser requirements for the hot node,

Supereritical helium discharge characterization,

Effects of frozen condensible in system-Cmcorporating NBS ice results into the

model), and

Evaluation of mixing zone between hot and cold nodes.

A second analytical model will be developed to evaluate different techniques to promote

mixing of a hot gas into a cryogenic dewar to achieve a homogeneous mixture that has

sufficient enthalpy to sustain the high discharge flow rate of the system. The model will

provide predicted data to establish:
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Thermodynamiccycle where one gas condenses and freezes upon mixing

(steam),

Thermodynamics of mixing of two gases using non-ideal gas criteria,

Time to complete thermal equilibrium of injectant gas,

Properties of condensed/frozen components (incorporating NBS ice results into

the model),

Evaluate condensed/frozen components escaping from dewar (pararnetrically)

and their impact on performance of the system,

Effect of hot steam impingement on dewar vs. time,

Total system losses to dewar wall, and

Difference between helium and hydrogen pressurant for initial test purposes.

The results of these analyses will then be integrated into a total expulsion system model.

The helium dewar expulsion process technology acquisition WBS/task flow is shown in

Figure 5.4-7.

1.1.1

I Dewar Mod_l

I
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Figure 5.4-7 FrPSTP Task HI Analyses (1.1.1)
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